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SUMMARY 

A comparison has iDeen made in flight of the anitknock charac- 
teristics of triptane with a temperature -sensitive blending agent 
(xylidines) and of the fuel knock limits vith engine cooling limits. 
The knock limits of three fuels — 28 -E^ 80 percent 28-E plus 
20 percent triptane (leaded to 4,5 ml TEL/gal), and 97 percent 2B-E 
plus 3 percent xylidines (leaded to 6.0 ml TEL/gal) ^ were inves- 
tigated with a 14-cj'linder douhle-row radial air-cooled engine 
installed in a four-engine airplane. The investigation was conducted 
at an engine speed of 1800 rpm in high blower ratio with two 
carburetor-air temperatures and at 2250 rpm in high and low "blower 
ratios with one carburetor-air temperature. 

The following brief survey is presented of the knock-limited 
performance characteristics of the two fuel blends relative to 28-E. 
Because the investigation was conducted with approximately constant 
cooling conditions; engine -temperature levels were higher with the 
higher-perfomance blends. 
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SATIOS OF KNOCK -LMITED BRPJCE HOESErOWFE OF TEST FUELS 



KELATIVE TO 28-R 



\ 

\ 

\ Conditions 

\ 

Fuel 

\ 


lln^lDe speed;, 
1800 rpm; 
carbui^etor- air 
temperature ^ 
86^ F; high 
"blower ratio 


Enf^ine speed , 
22?0 rpm; 
carburetor-air 
temperature , 
100^ y; high 
blower ratio 


Engine speed, 
2230 rrm; 
carbviretoi'-air 
temperature . 
100° Fj low 
blower ratio 


I'uel-air ratio 


C.065 


0,065 ' 


0.090 


0.065 


0.090 


60 percent 28 -E 
+ 20 percent 
triptane leaded 
to 4.5 m}- TEL /gal 


1.15 


■ 

1.2B 


1.19 


1.19 


1.15 


97 percent 28 -E 
+ 3 percent 
xylidines leaded 
to 6.0 ml TEL /tz^l 




1.12 


1.22 


1.50 

I 


I.ID 


1 

4 



Tl\ese results for the triptane blend show reasonably good agreement 
with small-scale single -cylinder test resiilts. 



Estimates were made of temperature -limited en,c^ine performance at 
several typical flight and engine conditions. Based on the relations 
between temperature -limited and knock-limited performance;, it appears 
that., for continuous operation at or near knock-limited power levels 
with 28-E or with the higher-performance blends ^ temperatures recom- 
mended by the manufacturer for both cylinder heads and bosses will be 
exceeded. 



MTEODUCTICN 

A general investigation to evaluate triptane and other hiriih- 
perfoimance fuels as antiknock components of aviation fuels is being 
conviucted at the MCA Cleveland laboratory at the request of the Army 
Air Forces; Air Technical Service Command. Small-scale^ single- 
cylinder knock tests of such fuels are reported in references 1 to 4; 
laiock-limited performance tests of triptane and five other fuels in a 
full-scale air-cooled cylinder are described in reference 5; air-cooled 
and liq^uid-cooled single-cylinder knock tests of a series of fuels 
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having perfoiTnance nnn"bers of approziiiately 150 have "been inves- 
tigated. Knock data from a test-stand imeGti/^ation have teen 
released in preliminary^ form; that investigation made use of the 
test engine and consisted in knock tests of 28 ~R and 9l/96 fuels. 
The results from flight k:iock tests with the douhle-row radial 
air-cooled engine installed in a fcur-cngine airpla:'io arc presented 
herein. Inasmuch as the engine to he used for additional fli;^ht 
testing of the subject fuel coiaponents is a new models flight tesb^. 
with the original engine have been terminated. 

A].l the leiock data obtained with a doub]e-row radial air- 
cooled engine in flight for fuel, a blend of 80 percent 2S-R 
and 20 percent triptane (leaded to 4.5 ml TEL/gal), and a blend 
of 97 percent 28-R and 3 percent xylidines (leaded to 6.0 mJ. TJIc/gal) 
are compiled and discussed herein. These fuels will hereinafter be 
designated 28-R, triptane blend^ and 3:ylidine blend. The xylidine 
blend was chosen because it represents a temperature -sensitive fuel 
that bridges the gap in perfonaance nimibers between the lean rating 
of 28-E and the rich rating of the triptane blend. The knock 
ratings of the test fuels, obtained at the Cleveland laboratory, are 
as follows: 



All knock-limited performance data reported herein are plotted 
against fuel-air ratio. 

In order to obtain a true picture of the practicability of 
using a high-perfomance fuel blr-nd in a given engine and airpla:ie ^ 
consideration must be taken of the cooling characteristics of th- 
engine installation as well as cf the knock-limited perfoi-mance the 
test fuel afforcis. It is necessary to determ.lne^ for a particular 
engine installation imder consideration, whether the utilization of 
the improved antiknock characteristics of a high-performance fuel 
blend will result in operation with engine temperat^ores in excess 
of the manufacturer's specified values. For this reason the coding 
characteristics of the engine were investigated (reference 6) 2nd, 
from a comparison of the temperatiure -limited performance with the 



Fuel 



Army-Kavy perfomance number 
F-3 rating F-4 rating 
(lean) (rich) 



28-R 

Triptane blend 
Xylidine blend 



100 
109 
100 



130 
147 

150 
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Imock-limited performance, the feasibility^ of using high-performance 
fuels in this engine is discussed herein. 

EQUTPMEnT AIVTD INSTPllMEOTATICW 

In general; ohtaining knock data of the mixtm^e- response type 
involves making the follovin^^ measurements ^ which are of primary 
interest in deterMning fuel -knock ratings: engine manifold pres- 
siu^O; brake hcrse:nower; fuel flow^ air flov^ and inJ-et-charge tem- 
perature. Measu:. er^eni,3 of various cylinder temperatures must he 
made to supplement these data inasmuch as fael-knock characteristics 
are affected to a certain extent by engine tii^mperature levels . In 
the perfoOTance of tests of trr. s type^ the determination of the 
intensity and tho distiiDution of Imock among the cylinders is neces- 
sary . 

The 14-cyline3r doi'.ble-rcw radial air-cooled (E-1830-9CC) engine 
on which these inveatigations were made was nounted in the left inboard 
nacelle of a B-24D airplane. This airplane is shown in figure 1. The 
ecuipment and instriimentation of the test engine were the same as 
described in part in reference o. The engire is provided with a two- 
speed mechanical supercharger having a low blower ratio of 7.15:1 and 
a high blower ratio of 6.47:1, Additional boost was supplied by a 
turbosuperchar^ger ; which is standard for all engines in this airplane* 
The turbosupercharger w^as regulated by a direct, manual waste -gate con- 
trol instead of the semiautomatic boost regulator ordinarily used. A 
hydraulic torquemeter was used for the measurement of engine power. 
The torq^iiemeter required modification in order to perinit measuring the 
hivgh powers encountered during the tests. This modification consisted 
in the substitution of a high-capacity oil-boost pump, moimted at one 
of the engine accessory drives, in place of the conventional boost 
pimip that is built into the torquemeter. 

Fuel knock was detected by means of magnetostriction-type pick- 
tips inserted into the combustion chambers of all cylinders. This 
installation, with and without the knock pickup, is shown in figure 2c 
Fuel knock and other combustion phenomena, as indicated by the knock 
picku.ps, wore observed on three oscilloscopes that operated simultane- 
oualy through a selector switch. By means of the selector switch, 
which could be operated either manually or by a motor, and a five- 
point contactor mounted on the engine, it was possible to survey the 
entire engine for either knock or preignition in onD.y five moves of 
the selector switch; f m^theiraore , all combustion diagrams normally 
appeared at the center of the various oscilloscope screens. This sys- 
tem provided for a rapid inspection of the engine com.bustion charac- 
teristics and enabled a close check to be made for preignition. 
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Induction-system temperatures were measured in t^vo general 
regions: at the carburetor upper lace and in the lU intake pipes. 
Gar buret or -air temperatures were measured both by a resistance-bulb 
unit in the carburetor-inlet elbow and by a thermocouple on the 
carburetor-inlet screen having the iron .junction over one venturi 
and the constantan junction over the ether Venturis The resistance- 
bulb temperature was used for setting engine conditions v/hen the 
knock tests were being run because this thermometer closely simulates 
• the ^ standard airplane thermometer installationo All air-flow calcu- 
lations, however, were based on measurements from the screen thermo- 
couple because the air-box calibration of the carburetor was based 
on this temperature 0 Temperatures indicated by bare thermocouples 
m.ounted in all intake pipes were recorded as mixture temperr tures . 

These thermocouples ;vere located approximate].y 8^ inches downstream 
from the supercharger outer case and were centered with respect to 
a transverse section tbirough. the pipe. 

Cylinder-head temperatures were measured by four therniocouples 
on the cylinder head: one at the front -spark-plug boss, two at the 
rear-spark -plug boss, and one at the rear -spark-plug gasket. Only 
two of these temperatures are presented in this report: the rear- 
spark-plug-gasket temperature^ y^iich vias measured by a thermocouple 
attached to a tab on the spark-plug gasket^ and the rear -spar k-plu^-- 
boss tem.perature, which ^^vas measured by a thermocouple embedded 
3/8 inch in the head metal at the position sho^;m in figures 3 and h. 
The boss thermocouple is designated T^s in figure 3 and the rear- 
spark -plug-gasket thermocouple is designated T]2. The rear-spark- 
plug-gasket thermocouple corresponds to the installation upon which 
the manufacturer's operating temperature limits are based, and the 
em.bedded rear ^spark-plug-boss therm.ocouple conformis to current NACA 
practice. (The correlation of cooling characteristics in reference 6 
TOs based on temperatures measured by the embedded thermocouple T~,o. 

Rear middle-barrel temperatures were indicated by thermocouples 
spot-welded to the rear outer surface of tlie cylinder'^ between the 
sixth ^ and seventh barrel fins, counting from the top fin. The 
position for this thermocouple (Tg) is shcwTi in figure 3. 

Cooling-air pressure tubes were also installed to correspond 
as nearly as possible to the latest MCA practiceo (See fig. 
A sufficient number of pressure tubes and thermocouples ms so 
installed that a complete cooling correlation of the engine could 
be made. 

Mixture-strength data were determ.ined by two methods: by inde- 
pendent measurements of fuel flow and air flow and by Orsat analysis 
cf the oxidized exhaust gas. Air flow ^/as calculated from an air-box 
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calilDration of the PD--12F2-16 car^buretor supplementsd by a correction 
cm^ve that vas determined "by ground air-flow tests with the car"bui*etor 
installed on the airplane. Fuel flows were simultaneously measured hy 
a rotameter, a de flee ting -vane -type flovj^eter, and a thermal flometer 
developed at the IJACA. In most cases fuel-flow data from the deflecting 
vane-type flowmeter were used in calculating the fuel-air ratio. Orsat 
eXA).aust-gas analyses were made in flight. Because gas samples were 
passed through b:o. oxidizing fiirnace installed in the exha.ust stack, it 
was necessary only to a.etermine the carbon-dioxide content of the oxi- 
dised sample. Thi'ee samples were taken and analyzed for each 
knock point. In general, a good check was obtained between fuel-air 
ratios calculated from fuel-flow and air-flow measurements and exhaust- 
gas ana^lyses. In the presentation of the Imcck data, calculated f^iel- 
air ratios were used wherever possible; however, in a few cases when 
the carburetor-pressure readings were inaccurate owing to leaking gage 
lines, the fuel-air ratios were obtained from the Orsat analyses. 

Obtaining lean-mixtiu'e data x/as greatly facilitated by the use 
of a special mixture -control plate in the carbirretor . This adapta- 
tion, currently being produced by the carburetor manufacturer, pro- 
vides for a continuous reduction in fuel flow throughout the 
customary 80^ angular travel of the mixture -control am instead of 
the abrupt steps (full-rich, automatic -rich, automatic -lean, and 
idle cut-off) that a standard mixture -control plate affords. 



PFOCEDUEE Km COIIDITIONS 

Procedure. - In general, knock data were obtained by varying 
the mixture strength from the value obtained at the full -rich 
carburetor setting to a minimum value that was usually determined by 
rough engine operation. Cai-^buretor-air temperature was maintained 
constant for a group of curves at similar conditions by adjusting 
the intercocler- shutter setting and, in some cases, by bucking the 
tui^bosupercharger output with the engine throttle . This control \raB 
necessary because of the wide variation in boost requirement (and 
consequent turbosupercharger output) for the different fuels. V/hen 
the knock runs were made at an engine speed of 1800 rpm, it was 
impossible to maintain a constant carburetor-air temperature over 
the entire range of boost; that is, from the min:lmura knock limit of 
28-R to the maximum, (rich) knock liiiiit of the triptane blend. 
Consequently, the procedure adopted for the tests at 1800 rpm was to 
obtain as much of the data as the control of carburetor-air temper- 
ature permitted . 
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The first step in taking knock data was to set the desired 
knock intensity at a given fuel-air ratio. This knock intensity -.3 
that at which four to six cylinders showed occasional or light knock, 
A subsequent 2-minute period vras allowed for engine-temperature 
stabilization before the 1^-second interval during lA-hich the actua] 
data were taken. This interval for temperature stabilization was 
found by a preliminary investigation to be mors than sufficient. 

The procedure for cooling the engine during the knock tests jias 
to maintain an approximately constant indicated airspeed and cowl- 
flap setting. This procedure, affording an approximately constant 
coolmg-air pressure drop across the engine for all the knock 
curves, obviated setting a constant head temperature for each knock 
point and permitted the tests to be run faster. Although engine 
temperatures varied with fuel-air ratio and power level '^en this 
procedure tos followed, it was felt that any benefits that might 
have been gained by maintaining a constant head temperature for each 
knock point were greatly outweighed by the advantage of obtaining a 
greater amount of data. By the maintenance of aoproximately con- 
stant cooling-air pressure drop for all runs, the triptane and 
xylidine blends were tested at higher engine temperatures than 28-R. 
This procedure, consequently, may have penalized these tnc blends 
somewhat in relation to 28-R because, as the data will shew, the 
knock limits of these two fuels were in all cases higher than that 
of 28-R. 

Test conditions . - The follomng table lists the engine 
operating conditionn at ivhich the various fuels were tested: 



Fuel 


[Engine 

speed 

(rpm) 


Carburetor- 
air temper- 
ature 


E>loiver 
ratio 


Triptane blend 
28-R 


1800 


61 and 86 


High 


Xylidine blend 
Triptane blend 
28-R 


2230 

1 


100 


High and 
low 



Specific engine conditions pertaininfr to the varioi^s proups of knock 
curves are listed in the respective figiares. In addition, numbers 
of the flights from ^vhich the various knock curves were obtained are 
given. Table I lists pertinent flight conditions and recorded free- 
air temperatures according to flight number. 
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For all flights, a pres.sure altitude of approximately YCOi- fu-t 
and an indicated" air- speed of approximately 200 miles per hour ^jerc 
maintained. All knock tests v/ere run vdth full-open (approximatelv 
200 open) cowl flaps on the test engine. The variation in free-air 
temperature Yras^ of course, due to atmospheric conditions and could 
not be avoidedc A standard spark setting of 2^^ B.T^C. on both 
pluf^c m^.s used for all tests. 



RESULTS A''D DISCUSSION 

K no ck - T . ijnit e d Per forma nee 

Presentation of data . - Results of the flicht knock tests are 
plotted in firi;res 6 to y; the (a) sheet of oac'i fi^aire shows the 
significant en£;ine -per forma nee vr.r tables, including average mijcture 
temperature, and the (b) sheet shows the engine temperatures. Eacii 
of these figures presents knock -limited curves for the different ^ 
fuels at one set of engine conditions: engine speed, blower ratio^ 
and carburetor-air temperature. The percentage increase in knock- 
limited performance of the test fuels over that of 28-R is shoY;n m 
figures 7(a), o(a), and 9(a) at various fuel-aii- ratios. 

Discrepancies in data . - Of the two sets of data for the trip- 
tane blend shoTO in figure 9(a), the tests made in flif:ht 21 
(approximately the same conditions as in flight 16) show an appre- 
ciably higher knock-limited performance at fuel-air ratios lower 
than 0.08 "than do the data from flight 16. The only difference 
bctv;een conditions for these runs was that an unusually high engine- 
oil pressure tos set for flight 16 Yjhen the first data were obtained- 
Under some conditions, high engine-oil consum.ption has been found to 
be responsible for erratic knock data, particularly in the lean- 
mixture region. 

Another apparent discrepancy in figure 9(a) can be observed 
between the tv/o" curves for the xylidine blend. The data for the^ 
curve that shoYis the higher performance characteristics (flight 21) 
were obtained approxim.ately 1 month later than the data for the 
lower curve (flight 1<) . The fuel for both flights w^s taken from 
the same storage "batch; the first test v/as made only a few days 
after the batch v'/as blended. 

In a nujnber of instances it was impossible to obtain knock- 
lirrdted power data owing to the low capacity of the torquemetrr 
boost pump which, as previously mentioned, was later replaced by a 
higher -capacity pump. Consequently, in figures 6(a), 7(a), 9(a), 
and in the subsequent figures that are replots of these data, knocl.- 
lim.ited-brake-horsep07;er and brake-specific-fuel-consumption data 
are omitted in some cases. 
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Analysi s of data . - /.II the 18C0 rpm knock data (figs. 6(a) and 
7(a)) are combined for direct comparison in figure lOj similarly^ a 
compilation of the 2250 rpm knock data (figs. 8(a) and 9(a)) is' 
presented in figure 11. In figure 10, the effects of carbui'etor-air 
temperature on knock limits for the different fuels at an engine 
speed of l800 rpm may be observed; in figure 11 the effects of 
blo-w€^r ratio on the knock lLT:its at an engine speed of 22^0 rpm can 
be seen. 



The follov/ing table presents a brief comparison of the knock- 
limited performance characteristics of the t^ fuel blends relative 
to 28-R. As previously explained, all tests were made with approxi- 
mately constant cooling conditionsj therefore, engine temperature 
levels v/ere higher vdth the higher -performance blends. 

RATIOS OF J.nCTED BRAKE HORSEPO^VER OF TEST FUELS 



REUTrrE TO 28-R 



\ 



^^onditions-> 



Engine speed, 
1800 rpm; 
carburetor -air 
temperature , \ temperature , 
86^ F; high ! 100^ F; high 
blower ratio 'blower ratio 



Engine speed, 
2230 rpm; 
c ar bur e t or -a ir 



Engine s^jeed, 
2250 rpm; 
carburetor-air 
temperature, 
100^ F; low 
blower ratio 



Fuel-air ratio 







0.06.^ 


i 0.090 


C.n6< 


t 0.090 


80 percent 26-R 
+ 20 percent 
triptane leaded 
to U.? ml TEl/gal 


! ■ 

1.16 


1.28 


1 ~ 

1.19 


1.19 


1.1^ 


97 percent 28-R 
+ 5 percent 




1.12 

1 

; 


-J 0 ^ 

: 

i 


l.JC 


1.19 


xylidines leaded 
to ^..0 ml TEl/gal 





It is observed that the tem.perature-sensitive xj'^lidine blend showed 
higher knock-limited performance in the lean range at the milder 
conditions (low blower) than the triptane blend, but at the more 
severe conditions (high blower) the xylidine blend fell below the 
triotane blend. 



In general, the increase in pei-formance shovm by the triptane 
blend over that of 28-R for the various conditions investigated 
compares favorably viith the results of small-scale, single-cylinder 
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knock tests conducted at the Cleveland laboratory. These tests 
(reported in reference 1) show that, for similar engine ccnditiom^ 
the" percentage improvement in knccK-limited performance for blends 
of triptane in 28-R may be predicted for multicylinder engines vdlh 
reasonable accuracy. 

Piston seizure. - A single point is show, near the knock- 
limit eTmanTToTd^press^^ curve for tlie xylidine blend in figure 8(a) 
that is labeled ''piston seizure and preignition encountered." At 
the time check tests (fli.p;ht 22) were being run mth the xylidine 
blend, the partial failure of piston 2 occurred. The time of this 
failure coincided mth the pliotographic recording of the test data 
for this knock point. A rear middle-barrel temperature of approxi- 
mately 710^ ? Y-rB.s noted for cylinder 2 vrficreas the cylinder-head 
temperature for this cylinder, as recorded by several thermocouj)les, 
was essentially normal. At approximately the mom.ent v^hen the data 
were recorded, preignition was evidenced by a m.ovement of the 
oscilloscope diagram for this cylinder off the screen to the left. 
Preignition was accompanied by continuous knocks Within approxi- 
mately 5 seconds after preignition was first observed on the 
oscilloscope, the engine operation became rough and a backfire 
occurred. 

Based upon the foregoing observations and data-, the following 
recapitulation is believed to be the sequence of eA^ents that 
occurred • During operation of the engine at this high-power (and 
high-temperature) condition, ^/jhere the rear middle-barrel temper- 
ature of cylinder 2 wciS ordinarily somewhat in excess of UOO^ F, the 
thermal expansion of piston 2 was sufficient to cause a partial 
seizure in the barrel. Additional heat was added to the piston due 
to friction until the piston (or the cylinder toII) became hot 
enough to induce preignition. Sim.ultaneously, continuous fuel knock 
was probably aggravated both by the advanced ignition and by the 
high piston-head temperature. Surface ignition finally became 
sufficiently advanced that combustion v.^.s taking place -while the 
intake valve was still open and a backfire resulted. It is felt that 
the high-temperature piston seizure definitely preceded the preigni- 
tion inasMich as the cylinder-barrel temperature was extrem.ely high 
whiereas the cylinder-head temperature ^A'as approxlmatelj^ normal. 

The results of this sequence of events "^-ere a badly scuffed and 
burned piston and a cyli.nder that was fairly uniformly scored around 
its entire surface. No other damage to the engine was apparent upon 
disassembly for .inspection. Mixture-temperature data are not sho/m 
at the point of piston seizure because the readings taken were 
unreliable . 
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Comparison of Kncck-Liinited Ferfcrmance, Temperature-Tim ited 

Performance^ and Carburetor -Metering Characteristics 

Temper ature-lirr it ed pe rformance characteristic s. - In order to 
compare fuel knocl: limits with engine cooling limits, four 
temperature-limited perfoi'mance cui ves were calculated and are 
plotted in figures 12 and I3. The calculations v;ere based on the 
cooling-correlation method developed in TJAGA Report No. 612 (refer- 
ence 7). A cooling correlation was made for the test engine in 
flight and^is presented in reference 6* Knock-limited performance 
curves for 2i3-R and the triptane blend, replotted from figures 10 
and 11^ are included in fig^ares 12 and 1;.. 

The follomng conditions ^vere selected for presenting the 
cooling-limited performance relations in figures 12 and IJ: 



Condition 


I - - - 

Maxiriium rear- spark-plug- 
.f:^asket temperature^ 


j Co-rl-fiap setting'^ 
j 


1 




(maximum, allo^'vable 
temperature for 
cruising) 


1/? open (approximately 
7^ operij maximum per- 
missible cruising 
setting) 


2 




(maximum allcwable 
tem.perature for 


"Closed'^ (approxim.ately 
1^ 

2^ open; recommended 
cruising setting) 






cruising) 


3 


)iOO 


(desired operating 
temperature) 


1/^3 open (approximately 
7^ open; maximum per- 
missible cruising 
setting) 


h 


hoo 


(do silked operating 
temperature) 


"Closed" (approxlmatclv 
.1^ 

d:!- open; recommended 


_ i 






cruisim? setting) 



Values from manufactujrer' s operating instructions (refer- 
^ ence 8) • 

Values from airplane flight manual (reference 9). 
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The estimated temperatiu'e -limited-performance relations in 
fig\u-'eG 12 and 15 tased on the following assumptions: 

(a) Airplane gross weight of 50,000 poimds 

(h) Flight at 7000-foot density altitude 

(c) Cooling-air stagnation temperature of 60^ F 

(d) Carhure tor-air temperature of 100^ F 

(e) Airplane equipped with four engines ^ all operating at the 

same conditions and having the same cooling character- 
istics as the test engine 

(f) Approximately constant propeller efficiency in the high- 

power range with change in pitch and change in airspeed 

(g) Variation of true airspeed as a function of the cute root 

of engine power 

(h) Variation of "brake horsepower as a linear function of mani- 

fold pressiu-e within the rich range of fuel -air ratio 

In the development of the temperature -limited performance cui^ves 
it was necessary; as fuel-air ratio varied, to correct the cooling- 
limited engine output for changes in cooling-air pressure drop in 
accordance with the expected change in airspeed with varying engine 
power. These performance calculations were facilitated "by the use 
of a cruise control chart for this airplane given in reference 9. 
These curves therefore represent the dual effects of fuel -air ratio 
and cooling-limited airspeed on temperature -limited engine output and 
are; conseciuently , in part a function of the airplane performance 
characteristics . 

Since the cooling correlation was "based on temperatur*e measured 
at the emhedded rear-spark-plug-hoss thermocouple , a conversion was 
made from maximum, (of 14 cylinders) rear -spark -plug -gasket temper- 
atiu^e (corresponding to the manufacturer's specifications, as shown 
in the tahle) to average rear-spark-plug-hoss temperature. This con- 
version was "based on temperature data o'btained from the flight engine . 
Comparisons "between knock-limited performance and tempera tinre -limited 
performance are pro'bahly more valid on the "basis of manifold pressure 
than on the "basis of "brake horsepov^er "because values of charge -air 
flow o'btained from the cooling-correlation analysis are more directl;y 
related to manifold pressure than to "brake horsepower. 
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C^Diiretorj^ceter - The third set of crivcs 

Ghown in flg^ores 12 and 13 represents the approximate metering charac- 
teristics of the inflection carT^uretor^ which is standard for this 
engine. These carDiu-'etor-metering characteristics were obtained from 
flow-hench test data reported in T.O. No. 03-10E.I-3 that were treated 
in the following manner: A plot of fuel-air ratio against air flow 
was made; then, with the aid of data obtained in flight showing the 
relation "between manifold pressure and air flow, a plot of fuel-air 
ratio against manifold pressure was made . 

It must be pointed out, in connection with the plotting of those 
carburetor-inetering-cheiracteristic curves, that these relations are 
based on conventional operation of the carbureter where carburetor 
inlet-air pressiri^es are approximately atmospheric .at groimd-level 
conditions. In the event, however, that an engine -turbosupercharger 
combination were so operated that the carburetor inlet-air pressure 
wouJ-d greatly exceed 30 inches of mercury absolute, these curves 
wo'old no longer apply because no density compensation is available 
with standard carbui^etors for air densities much in excess of ground- 
level atmospheric conditions. The result of such an operating pro- 
cedure is to shift such carburetor-metering cur-^ves as are shown in 
figures 12 and 13 in the lean direction. This shift becomes pro- 
gressively greater with higher carburetor Inlet-air densities. 

A comparison of the knoclc-limit curves with the cooling-lirait 
curves in figures 12 and 13 should afford an approximate idea of the 
feasibility of using a high-perf omance fuel in this particular 
airplane -engine combination. It must be pointed out, however^ that 
the knock curves, as mentioned earlier in the report, were run at 
cooling conditions that tended to penalize the high-performance fuels 
relati-ve to 28-R. In other words, the airplane actually was not 
operated so that the ter^t engine could be benefited by a rate of 
cooling-air flow which woiad correspond to the actual power being 
drawn from this engine, as would be the case if the airplane were 
equipped with four similar engines, all operating at the same con- 
ditions . 

QpjPPar ison of ^niock liffljj:_s_w^ - Inspection of 

the three sets of curves in figures 12 and 13 reveals a number of 
interesting features. In figure 12, the Imock curve for 28-E fuel 
falls below the highest temperature -limited curve; however, through- 
out its range it considerably exceeds the curve that satisfies the 
manufactiu-'er^s desired operating conditions (the lowest temper at c^jre- 
limited cuiTe). For the airplane and flight conditions assumed, it 
appe.ars that engine operation would be possible near the knock limit 
for the triptane blend, which is 12 or 15 percent higher than that 
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for 28-S (fig. 7(a))' For operation with tie triptaiie tleni^ tlie 
en^^ine may "be cooled within maxlm-jm specified temperature limits 
"but apparently not vithin the manu't^actvaf'er ' s desired temperature 
and cowl-flap-setting liraibs. It shovld 'be pointed out, in connec- 
tion with the cuL-^ves for 1800 rpm in figure 12, that these curves 
are all "b-ised on high-ulower operation "because all the loiock data 
at this engine speed were ohtained in this "blower ratio. The 
standai-'d airplane engines have only the low- speed "blower; the differ- 
ence in engine mechenical efficiency het-^.v^-en high and low hlower 
was therefore taken into account in the computation of temperature - 
limited airspeeds, cooling-air preGSui'e drop; and resultant values 
of temperature -limited engine performance. If these temperature-^ 
liimited performance cui^"es had "been calciaatcd for lov blower ratio 
instead of high "blower ratio, all ciurves worad have "been shifted 
upward • 

Figure 13 shows that, when the engine is operated at the loiock 
limits of 28-E at 2230 rpm, temperatores corresponding to the manu- 
facturer' s desired operating specifications are even further 
exceeded than at 1300 rpm. It appears questionahD.o to operate at 
or near ImccK-limited powers even with 28-R at the higher cruising 
engine speeds . 

Compai-;isoiLof j?c^^ 
ajuin-^'j^str^ " -f-"^ 

is of interest to note the engine manufacturer's operating instruc- 
tions for various cruising powers at an engine speed of approximately 
2230 rpm. Instructions for the double -row radial air-cooled engine 
specify, for maximimi cruise at 2250 rm, a manifold pressure of 
23 inches of mercury aljsolute for low blower and 29.5 inches of 
mercury absolute for high blower. (See reference 8.) Beth values 
are quoted for a mixture -control setting of automatic lean. The 
automatic -lean curve in figure 13 indicates a fu^l-air ratio of 
approximately 0.C65 for a manifold pressure of 28 inches of mercury 
absolute. This point lies nearly on the engine cooling-limit curve 
for a cowl -flap setting of one -third open and a maximum rear- spark- 
plug-gasket temperature of 400^ F (engine manufacturer's desired 
value for cruising) . By interpolation between the two temperature- 
limit curves for closed cowl flaps, this point will be seen also to 
correspond roi^ghly to a maximum rear- spark-plug-gasket temperature 
of 420^ F with closed flaps. 

A comparison of the shape and the position of the carbiaretor- 
metering-characteristic curves with the imock-limit curves of 
figures 12 and 13 indicates the changes that might be effected upon 
the carburetor in order to bring metering characteristics into 
closer agreement with fuel knock or engine cooling limits. 
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M^ltj^nalJ:.P2jDe - The maxim-pia rear middle -"ba-rel 

temperatures, corresponding to the cylinder-head tempera tiures of 
400^ and 450^ F in figures 12 and 13, are plotted in figure 14. 
The data for these curves were obtained hy means of the'^cooling 
correlation from which the curves in figures 12 and 13 were derived 
and^ apply for both the one-third open and the closed ccvd.-flap 
settings. Although these values may appear high, maximiM rear 
middle -barrel temperatures of the order of 400^ F are frequently 
experienced during conventional operation of the double-row radial 
air-cooled engine in the four-engine airplane. Observation of 
these temperatiores during standard take-off, climb, and landing 
approach, when the test engine was being operated according to 
Technical Order operating instructions (reference 10), revealed 
maximimi roar middle-barrel temperatures varvin^ from 590^ to 
420^ F. . ^ ' 



lllHiD^qoiI^lit ion . - After a total of approximately 70 hours 
of operation, of which roughly 12 hoxws were run at or near 
knocking conditions, the engine was disassembled for overhaul 
and inspection. This disassembly was necessitated by a high- 
temperatm^e seizure of piston 2, which has been previously men- 
tioned. All of the pistons and cylinders with the exception of 
number 2 were found to be in satisfactory condition. The piston 
rings gave evidence of considerable wear and some were slightly 
feathered. Bearings throughout the engine were fo'und to be in 
very good condition. 



SUMMARY OF RESULTS 

The following results apply for the 14-cylinder double-row 
radial air-cooled engine installed in a four-engine airplane 
under the conditions imposed during this investigation:" 

1. Based on brake -horsepower measurements, the blend of 
20 percent triptane and 80 percent 28-R had a knock limii: from 
15 to 28 percent higher than that of 28-E. The improvement was 
greater at the higher cruising engine speed, 2230 rm, than at 
1800 rpm. 



2. Based on brake -horsepower rieasuremonts , the blend of 
3 percent xylidines and 97 percent 28-E, leaded to S.O ml 
TEL per gallon, had a knock limit from 12 to 30 percent higher 
than that of 28-E at an engine speed of 2230 rpm. The xylidine 
blend showed higher knock-limited performance than the triptane 
blend at the milder conditions (low blower ratio) and showed a 
lower knock limit at the more severe conditions (high blower 
ratio). This resiat is in agreement with the greater temperature 
sensitivity of the xylidine blend. 
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3. Based on estimated temperature -limited per"^ormance relations 
for this engine, continuous operation at laiocli- limited go^-^ev levels; 
eitlier with"28-E or vith the higher-performance "blonds ; will result 
in engine temperatures exceeding the manufacturer's recommended 
value for hoth cylinder heads and "barrels . This fact is particularly' 
true for the higher cruising engine speed. 

Aircraft Engine Ee search Lahoratory, 

National Advisory Ccrrimittee for /Veronautics> 
Cleveland, Ohio, December 30, 1944. 
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Figure I. - View of four-engine airplane used for flight knock and cooling investigation. 
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Figure 2. - Typical knock-pickup installation in air-cooled cylinder. 
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(a) Method of locating thermocouple. 



-30 percent of 
head-metal 
thickness 





24-gage, glass-insulated, iron- 
cons tantan, duplex thermocouple 
wire 

Edges of hole peened for holding 
sleeve 

1/8-inch-dianaeter brass sleeve with 
1/10-inch-diameter hole drilled 
to within 1/16 inch of bottom 

.040-inch-diameter hole 

iottom of hole tapered for a wedge 
fit 

Thermocouple wires silver-soldered 
to end of brass sleeve 

Spark-plug bushing 



(b) Method of installing thermocouple. 

Figure 4. - Methods of locating and installing embedded thermocouple 
T^^ in rear-spark-plug boss on cylinder head of double-row radial air- 
coo led engine. 
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(a) Engine -performance variables. 
Figure 6. - Khock-llmited performance of double-row radial air-cooled engine installed in four- 
engine airplane at engine speed of 1800 rpm and carburetor-air temperature of 61° 
ratio, high (8.47:1); spark advance, 25° B.T.C. 
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(b) Engine temperatures. 
Figure 6, - concluded. 
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Engine speed, 1800 rpm 
Carbaretcr-air temperature, 61^ F 
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(a) Engine-performance variables. 



Figure 7. - Knock- I i m i ted performance of double-row radial air-cooled 
engine installed in four-engine airplane at engine speed of 1800 rpm 
and carburetor-air temperature of 86° F. Blower ratio, high (8.47:1), 
spark advance, 25° B.T. C. 
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(b) Enclne temperatures. 
Figure 7. - concluded. 
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(a) Engine -perfomiance variables. 
Figure 8. - Khock-limited performance of double -row radial air-cooled engine installed in four- 
engine airplane at engine speed of 2230 rpw and low blower ratio (7.15:1). Ceirburetor-air 
temperature, 100° F; spark advance, 25° B.T.'^. 
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(b) Engine temperatures. 
Figure 8. - concluded. 
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(a) Engine-performance variables. 
Figure 9. - Knoc k- I i m i ted performance of double-row radial air-cooled 
engine installed in four-engine airplane at engine speed of 2230 rpm 
and high bicwer ratio (8.47:1). Carburetor-air temperature, 100° F; 
spark advance, 25° B.T.C. 
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Figure 10. - Comparison of all knoc k- I i m i ted performance data obtained 
at engine speed of 1800 rpm. Four-engine airplane; double-row radial 
air-cooled engine; blower ratio, high (8.47:1); spark advance, 25° 
B.T.C. (Data replotted from figs. 6(a) and 7(a).) 
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Figure 11. - Comparison of all knock-limited performance data obtained at engine speed of 
2230 rpm. Four-engine airplane; double-row radial air-cooled engine; carburet or -air 
temperature, 100°; spark advance, 25° B.T.C. (Data replotted from figs. 8(a) and 9(a).) 
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igure I2. - Comparison of fuel knock limits, engine cooling limits, and 
carburetor-metering characteristics for double-row radial air-cooled 
engine installed in four-engine airplane at engine speed of 1800 rpm. 
(Engine coo I i ng- 1 i mi t data based on cooling equation for this engine. 
Airplane assumed equipped with four double- row radial air-cooled 
engines, all operating at temperatu re- I i m i ted power. Assumed condi- 
tions: airplane gross weight, 50,000 lb; cooling-air temperature, 
60° F; density altitude, 7000 ft.) 
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Figure 13. - Comparison of fuel knock limits, engine cooling limits, and 
carburetor-metering characteristics for double-row radial air-cooled 
engine installed in four-engine airplane at engine speed of 2230 rpm. 
(Engine coo ) i ng- i j mi t data based on cooi'ing equation for this engine. 
Airplane assumed equipped with four double-row radial air-cooled 
engines, all operating at temperatu re- I i mi ted power. Assumed cond i - 
tions: airplane gross weight, 50,000 lb; cooling-air temperature, 
60° F; density altitude, 7000 ft.) 
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Figure 14. - Variation of maximum rear middle-barrel temperature 
with fuel-air ratio for two aasumed constant maximum rear-spark- 
plug-gesket temperatures. (Curves correspond to respective tem- 
perature-limited performance curves in figs. 12 and 13 for 1/3- 
open and closed cowl flaps.) 



J 



